in S. cerevisiae can be largely reproduced in vitro with tinguish whether a given DNA region is occupied by randomly positioned nucleosomes or no nucleosomes. purified histones and DNA as well as in the evolutionarily distant yeast Schizosaccharomyces pombe. These Furthermore, even when positioned nucleosomes are identified, it is difficult to determine the percentage of observations demonstrate that low nucleosome density due to intrinsically poor nucleosome stability is is a machromosomes that have a nucleosome at this position. We therefore developed a nucleosome-scanning method jor determinant of preferential accessibility of the HIS3-PET56 promoter region. Similarity, low histone density for mapping nucleosomes and determining nucleosome density in a quantitative manner. Specifically, at the DED1 promoter is reproduced in vitro and, hence, is due to intrinsic histone-DNA interactions. Specific chromatin and purified genomic DNA are lightly digested with MNase, and mononucleosomal-sized DNA and genome-wide analyses indicate that low nucleosome density is a very common, although not universal, fragments (140-220 bp) are isolated by gel electrophoresis ( Figure 2A , gel inset). The resulting DNA samples feature of yeast promoter regions. Thus, the yeast genome is organized into distinct promoter and nonproare amplified with overlapping primer pairs (typically in 30 bp intervals) that generate products of similar size moter regions whose DNA sequences inherently differ with respect to nucleosome formation, thereby permit-(100 ± 8 bp). Nucleosome density of a given region is defined by the ratio of DNA in the chromatin versus ting transcription factors to bind preferentially to appropriate sites in promoters.
purified DNA samples.
The results of such a nucleosome-scanning experiment are interpreted as follows. First, if a nucleosome Results is perfectly positioned (i.e., present at that position in all cells), a primer pair located totally within this nucleoAlteration of the HIS3-PET56 Intergenic Region Has some will yield a maximal histone density that can be Limited Effects on the Positions of Flanking defined as 100%. On the other hand, if one primer is Nucleosomes in the Coding Regions within and the other primer is outside the nucleosome, As assayed by HinfI cleavage in vivo in yeast strains the apparent nucleosome density will be zero. Thus, a containing wild-type (wt) or deleted versions of the dipositioned nucleosomal array will generate peaks and vergent HIS3-PET56 promoter region, preferential acvalleys, with the valleys corresponding to linker regions cessibility is determined by a general property of the between nucleosomes. A similar pattern will arise if DNA sequence, not by specific elements (Mai et al., only a fraction of cells contain a positioned nucleo-2000). As a first step to explore the structural basis for some, but the difference in magnitude between the this preferential accessibility, we used micrococcal peaks and valleys will be reduced. Second, a region nuclease (MNase) to examine the chromatin structure occupied by randomly positioned nucleosomes should of this region in wt and mutant strains. In accord with display a relatively constant level of nucleosome denprevious results (Struhl, 1982; Oettinger and Struhl, sity that is w30% of the maximal level. Third, a region 1985; Losa et al., 1990), low-resolution (Southern blotting) analysis of the wt strain reveals positioned nucleodeficient in nucleosomes should display low density somes within the HIS3 and PET56 coding regions and over the entire region. two sites of significant MNase cleavage in the promoter To validate this nucleosome-scanning assay, we exregion ( Figure 1A , lanes 5 and 6). High-resolution (nuamined the chromatin structure of the PHO5 promoter cleotide level) analysis identifies the localized digestion region, which contains four well-positioned nucleoto the positions −70 and −190 with respect to the HIS3 somes under standard (high-phosphate) growth condi-ATG initiation codon ( Figure 1B ). It is difficult to detertions. As shown in Figure 2A , we observed two strongly mine whether MNase cleavage at positions −70 and positioned nucleosomes that correspond well to nucleo-−190 define boundaries of positioned nucleosomes somes −1 and −2, which have been described prethat cover the 5#-proximal portions of the HIS3 and viously. The 8-fold difference between the peak and PET56 coding regions, because both sites are also trough of nucleosome density indicates that a high perpreferentially cleaved in purified DNA.
centage of cells contain positioned nucleosomes in this In three strains containing significant deletions in the region. We also observed positioned nucleosomes HIS3-PET56 promoter region, the nucleosomal arrays within the PHO5 coding region (previously defined as within the HIS3 and PET56 coding regions are posi-+1 and +2), but the relatively small difference between tioned similarly to that observed in the wt strain (Figure the peaks and troughs suggest that these nucleosomes 1A; compare lanes 5 and 6 with lanes 9 and 10, 13 and are less well positioned. 14, and 17 and 18). Analysis at the nucleotide level Analysis of the HIS3-PET56 region reveals an array (data not shown) and "nucleosome-scanning" experiof three positioned nucleosomes within the initial 430 ments (see below) corroborate these results, although bp of the HIS3 coding region and a positioned nucleosubtle alterations may occur. Thus, the intergenic resome at the 5# region of the adjacent PET56 coding gion does not dictate the positioning of flanking nucleregion ( Figure 2B ). HIS3 nucleosomes B and C show a osomes in the coding region, suggesting that the semaximal density that is w40% of that observed for quences within the HIS3 and PET56 coding regions are PHO5, suggesting that these nucleosomes are well poimportant for determining nucleosome positions. sitioned but perhaps not in all cells at any given moment. HIS3 nucleosome A and the PET56 nucleosome show significantly lower maximal density, but there is The Divergent HIS3-PET56 Promoter Region Is Largely Devoid of Nucleosomes a clear difference between the peaks and valleys. The simplest interpretation of this observation is that these Standard MNase mapping as employed here can identify positioned nucleosomes, but it does not easily disnucleosomes at the beginning of the HIS3 and PET56 possible that a region of reduced nucleosome density within the PHO5 coding region appear slightly better positioned when assayed by histone H4 occupancy spreads beyond the divergent promoter region (see below).
(compare Figures 3A and 2A) . Importantly, the pattern of histone H4 occupancy at the HIS3-PET56 region is To provide independent evidence for low nucleosome density at the HIS3-PET56 promoter region, we strikingly similar to that observed with the nucleosomescanning method ( Figure 3B ). Thus, two independent used chromatin immunoprecipitation (ChIP) to measure occupancy by histone H4 (tagged with the Myc epimethods for determining nucleosomal density and positioning at the HIS3-PET56 region demonstrate that tope). Crosslinked chromatin was digested with sufficient MNase to generate mononucleosomes lacking the promoter region is very deficient in nucleosomes when compared to the flanking coding sequences. the spacer region, in which the length of protected DNA is w146 bp ( Figure 3A HIS3 coding region in S. pombe is not simply deterRegion Are Largely Determined by the Intrinsic DNA mined by intrinsic DNA sequence preferences of hisSequence Preferences of Histones tones. However, the very low nucleosome density at the In principle, the paucity of nucleosomes in the HIS3-promoter region in S. cerevisiae, S. pombe, and in vitro PET56 promoter region might reflect (1) intrinsic preferis predominantly due to properties of the DNA seences of histones for particular DNA sequences or (2) propquence that are inherently undesirable for stable assoerties of nucleosome remodeling complexes (or other ciation with histones. chromatin-modifying activities) that govern the positions of nucleosomes in vivo. To address this question, we examined whether the pattern of nucleosome density and Intrinsic Histone-DNA Interactions also Account for Low Nucleosome Density at the DED1 positioning at the HIS3-PET56 region could be generated in vitro by using purified histones and DNA. Core Promoter Region To address whether intrinsic histone-DNA interactions histones from HeLa cells were assembled on a 2.8 kb HIS3-PET56 DNA fragment by gradient salt dialysis, account for low histone density at another yeast promoter region, we examined the DED1 promoter and and the resulting nucleosomes were digested with MNase and resolved on an agarose gel ( Figure 5A , inflanking regions with the identical samples used to analyze the HIS3-PET56 region in vivo ( Figure 2B ) and set). Mononucleosomal and corresponding genomic DNA were gel purified and analyzed with the same in vitro ( Figure 5A ). The DED1 promoter, which is adjacent to the 3# end of the HIS3 coding region, can stimuprimer pairs used to map the position and density of nucleosomes in vivo.
late transcription of a heterologous RNA polymerase, presumably by increasing its accessibility to the DNA The pattern of nucleosomes assembled on the HIS3-PET56 region in vitro ( Figure 5A ) is strikingly similar to (Chen et al., 1987). As observed for HIS3-PET56, the pattern of nucleosomes assembled on the DED1 region that observed in vivo ( Figure 2B ). The divergent promoter region is clearly deficient in nucleosomes, and there in vitro ( Figure 6A ) is very similar, although not identical, to that observed in vivo ( Figure 6B) . Specifically, the also appears to be reduced nucleosome density at the 5#-proximal part of the coding region. In addition, the DED1 promoter region is deficient in nucleosomes, and the flanking nucleosome at the 3# end of the HIS3 codnucleosome at the 5#-proximal part of the PET56 coding region is positioned similarly to that which occurs ing region is positioned similarly in vivo and in vitro. The region of low histone density at the DED1 promoter in vivo. Interestingly, the nucleosomal array within the HIS3 coding region appears to have shifted w40-50 bp appears more extended in vitro, such that the proximal nucleosome covering the DED1 coding sequence (nucleoupstream from the major position in vivo. This suggests that a nucleosome-remodeling complex is involved in some E) is difficult to discern. Reconstituted nucleosomes F and G within the DED1 coding region appear to have establishing preferred nucleosome positions in the HIS3 Many genes with low density are very poorly transcribed, and RPS11B has high histone density at the promoter yet is highly transcribed. We further analyzed histone H4 density on a genomewide level by using microarrays containing essentially all intergenic regions or containing essentially all protein-coding regions (see Supplemental Data available with this article online). Given the size of the DNA fragments on the array, this approach averages histone density over regions that are 200-1000 bp, depending on the locus. H4 densities on the two different arrays were calibrated relative to the density of PHO5 promoter and PHO5 coding region, which were arbitrarily set to 1.0. The array data are valid, because the behaviors of the 23 randomly selected DNA regions on the array are very similar to what was observed by direct analysis (Figure 7A, right) . Importantly, out of 4331 genes where data for both promoter and coding regions are reliable, 3142 (72.6%) coding regions contain R2-fold higher H4 levels than the adjacent promoter ( Figure 7B ). In contrast, only 24 genes (0.5%) showed R2-fold higher histone octamer levels at promoters as compared to coding regions. Thus, the majority of yeast genes show significantly lower levels of histone content relative to their corresponding coding region.
On a genome-wide basis, reduced H4 density at promoters with respect to their corresponding coding regions is unrelated to transcriptional activity ( Figure 7C) . First, the vast majority of genes with reduced H4 density at promoters are transcribed at low levels (values below 20 in Figure 7C) . Second, the distribution of promoter:coding ratios of H4 density in poorly transcribed promoters. Our results are in excellent accord with a recent report that was published after this work was initially submitted (Lee et al., 2004) . In particular, the density of the HIS3-PET56 and DED1 promoter regions transcription-independent phenomenon of lower hisin vivo.
tone density at promoters versus their corresponding coding regions is distinct from the transcription-depenLow Histone Density Is a Very Common Feature dent effects on reduced histone densities at promoters of Yeast Promoter Regions that Is Unrelated (presumably due to activator-mediated eviction) or at codto Transcriptional Activity ing regions (presumably due to disruption by elongating To address whether histone density of promoter regions is RNA polymerase II). Thus, genomic analysis supports low relative to the adjacent coding regions, we first anthe view that low histone density at most promoters is alyzed 23 randomly chosen genes for levels of histone strongly influenced by intrinsically weak histone-DNA H4 occupancy. In this experiment, ChIP was performed interactions. by conventional methods, meaning that the average lengths of crosslinked DNA and PCR fragments were w400 and 250 bp, respectively. As a consequence, hisDiscussion tone density is effectively being averaged over regions containing several nucleosomes, which will minimize Most Yeast Promoter Regions Have Low Nucleosome Density potential differences between promoters and coding regions. Nevertheless, 83% (19/23) of the regions studied A large body of evidence indicates that yeast promoter regions are generally more accessible than protein-coding had significantly reduced levels of histone H4 at their promoter relative to the coding region ( Figure 7A; left) .
regions. In a number of cases, preferential accessibility is unrelated to transcriptional activity, and standard The average density of promoter regions was 3.35-fold lower than coding regions. Moreover, the low density of MNase mapping reveals the apparent absence of positioned nucleosomes. Here, we use two methods to show promoter regions is unrelated to transcriptional activity. ., 2000) , and we show here that these deleted be directly related to an intrinsically poor ability to form derivatives differ with respect to histone density. Specia stable nucleosome. fically, the length of the nucleosome-deficient region is reduced, the level of histone density is increased in the remaining part of the promoter region, and the discrimi- . In these and other cases, it DNA sequence preferences of histones, because low nucleosome density in this region is faithfully reprois likely that the activator protein recruits nucleosomeremodeling and other chromatin-modifying complexes duced in vitro with purified histones and DNA. Furthermore, the HIS3-PET56 promoter region is similarly deto the promoter, thereby increasing accessibility in a localized manner. Third, as exemplified by the HIS3-void of nucleosomes in S. pombe, an evolutionarily distant yeast species. Intrinsic histone-DNA prefer-PET56 and DED1 promoter regions analyzed here, accessibility reflects relatively large regions of DNA that ences also account for the position of the adjacent nucleosome over the PET56 coding region and nuintrinsically interact poorly with histones. Although short, internucleosomal regions and activacleosome D, which covers the 3# end of the HIS3 coding region. In contrast, the predominant positions of tor-specific alteration of nucleosomes can facilitate binding the proteins to their target sites in promoters, nucleosomes A, B, and C in the HIS3 coding region and nucleosomes F and G in the DED1 coding region are our results strongly suggest that an important mechanism for preferential accessibility is that promoters conaltered in vitro and in S. pombe, suggesting that nucleosome remodeling complexes (and perhaps other tain DNA sequences with poor nucleosome-forming potential. Short regions between positioned nucleochromatin-modifying activities) are involved. Importantly, although intrinsic histone-DNA preferences do somes are unlikely to be specific to promoter regions, and they cannot explain the low levels of histone dennot account for all aspects of nucleosome positioning in vivo, they are sufficient to explain low nucleosome sity observed at a significant majority of promoters. Activator-specific alterations of nucleosomes in the prodensity at the HIS3-PET56 and DED1 promoter regions.
Implications for Binding of Transcriptional Regulatory Proteins to Target Sites
Detailed analysis of the divergent HIS3-PET56 promoter region are unlikely to be a general mechanism, 
